Abstract: We experimentally demonstrate tunable, phase-matched difference frequency generation fully covering the spectral regime below 15 THz using 4H-SiC as nonlinear crystal. The material is also exploited as a broadband detector for electro-optic sampling.
OCIS codes: (190.4400) Nonlinear optics, materials, (300.6495) Spectroscopy, terahertz The frequency range between 5 THz and 15 THz is a spectral region of particular interest since it overlaps with fundamental excitations in condensed-matter systems such as optical phonons in solids, vibrations in molecules and low-energy collective modes in correlated materials. However, generation and coherent detection of highly stable terahertz transients for ultrafast experiments in this spectral interval is hindered by the fact that most nonlinear emitters display either a forbidden region due to the presence of the Reststrahlen band or a lack of birefringence for proper phase matching.
In this work, we present 4H silicon carbide (4H-SiC) as a new nonlinear material for difference frequency generation (DFG) in this elusive spectral regime. SiC is a wide-bandgap semiconductor featuring a large family of different crystalline structures. In particular, the 4H polymorph of SiC exhibits a huge variety of advantageous properties including Reststrahlen [1] and multi-phonon absorption bands located at relatively high frequencies between 20 THz and 50 THz, availability of high-quality crystals, outstanding thermal and mechanical robustness, excellent transmission in the visible range without two-photon absorption of near-infrared pump light, large second order nonlinearity [2, 3] plus strong uniaxial birefringence that allows for phase matching and high conversion efficiency in thick specimen.
In our experiments we use chemical vapor deposition grown 4H-SiC (Norstel AB, Sweden) that is cut at various angles Ө with respect to the optical axis and subsequently polished to a thickness of 400 µm. Figure 1 (a) depicts the transmission spectrum of our SiC sample that shows complete transparency from 17 THz to below 1 THz. Also the transmissivity in the near infrared (NIR) is optimal for the pulses driving the DFG process. The ordinary and extraordinary refractive indices were characterized by FTIR and time-domain spectroscopy measurements thus allowing us to update, in the frequency range of interest, the Sellmeier equations from previous works [4] . Fig. 1(b) displays the phase matching curve in case of DFG pumped at 1280 nm (blue line), 1030 nm (red) and 800 nm (black), respectively. It is clearly evident from this calculation that phase matching may be obtained down to frequencies extending well below 1 THz. Fig. 1. (a) Transmission spectrum of a 400-µm-thick 4H-SiC sample spanning from the visible down to the terahertz frequency range. It features a broad NIR transmission band from 370 nm to 6 µm (left panel), the Reststrahlen and multi-phonon absorption bands from 6 µm to 13 µm and full transmission in the entire terahertz frequency window (right panel). Transmissivity is only limited to 0.5 by Fresnell losses due to the high refractive index and can be easily improved by an anti-reflection coating; (b) calculation of type-I (ooe) phase matching curves for difference frequency generation in 4H-SiC for various pump wavelengths.
To demonstrate the potential of SiC for the generation of THz radiation with type-I phase matching, we employ a high-power Ti:sapphire femtosecond laser working at a repetition rate of 1 kHz [5] . This system drives two independently tunable optical parametric amplifiers operating in the near infrared at central wavelengths of 1280 nm for the pump beam, and 1320 nm to 1360 nm for the signal in the DFG process. The far-infrared pulses were detected via electro-optic sampling (EOS) in a 20-µm-thick ZnTe [110] crystal. Fig. 2(a) illustrates the time-domain electric field profile of the multi-cycle THz transient emitted by the SiC crystal when the phase matching angle is set to Ө = 45°. Figure 2(b) shows the DFG spectra for various angles Ө demonstrating continuous tunability of the central frequency below 15 THz.
In addition, we demonstrate SiC as nonlinear element for electro-optic detection of broadband low-frequency THz pulses. Fig. 2(c) shows the waveform of a transient centered at 1.5 THz and generated via optical rectification in ZnTe as measured by electro-optic sampling in a SiC crystal at a phase matching angle of about 10°. This angle can be achieved by tilting standard on-axis cut wafers.
In conclusion, 4H-SiC is a novel nonlinear material that can cover the full spectral region below 15 THz in both emission and detection. Its excellent crystal properties render it suitable for high-energy pumping in the near infrared. The unique frequency range that becomes accessible with solid-state laser sources promises immediate applications in ultrafast experiments and spectroscopy.
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